I. INTRODUCTION
Thermal stability is an important consideration in determining suitability of magnetic multilayer films for incorporation in devices. The films must be able to survive high temperature processing steps, such as photoresist baking, and they must survive prolonged service at more moderate temperatures that may exist in the operating environment or that may be due to high operating current densities.
Changes in sample resistance, R, with annealing have been used to indicate microstructural changes in a number of magnetic multilayer and spin valve systems. In structures comprising miscible metals/alloys such as NisoFe20/Cu[ 11 or Nis~Fe20/Au [2] , increased resistance and decreased magnetoresistance, AR. are attributed to interdiffusion during annealing.
Thermal stability can be improved by including immiscible metals at interfaces; addition of CO at one NigoFe2o/Cu interface in a N~~o F~~o / C U / N~~O F~~O spin valve roughly halves the GMR decay rate [3] . In multilayers comprising immiscible metals/alloys, such as Cu/Co multilayers [4] - [6] , or Ag/NisoFezo multilayers [7] - [9] , annealing produces a reducManuscript received Oct. 15, 1997
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McMichael email: rmcmichael@nist.gov tion in resistance. In NisoFe2o/Ag multilayers, accompanying GMR and sensitivity increases are attributed to magnetic separation of grains in the NisoFeao film [7] . In cu/co multilayers, resistance decreases are accompanied by increases or decreases in the GMR ratio that depend on the Cu spacer thickness [5] . While grain growth may play a role in the resistance decrease [4] , phase separation of mixed layers at interfaces [5] , [8] seems likely, especially since mixed interfaced layers are produced by the tendency of Cu to float to the surface during deposition of Co on Cu [lO] , [ll] . In Cu/Co based spin valves, a slight decrease in R is observed after 0.5 h anneals at temperatures below 200 OC, but increased R is observed for higher temperatures[ 121.
To fully characterize the thermal stability of a material, it IS not sufficient to know only the temperature of an annealing test. The time dependence of the sample microstructure at the an-. nealing temperature is very important in determining how long a film will endure a given temperature. This paper describes annealing studies of NiO\Co\Cu\Co\M spin valves, including the effects of different cap layers, M, and the time evolution of the sample resistance.
EXPERIMENTAL
The samples in this study were deposited by DC magnetron sputtering in 0.25 Pa (2 mTorr) Ar. The base pressure before depositing a film was typically Pa (lo-' Torr) of which 90% was hydrogen. The samples have the structure Si\50 nm Ni0\2.5 nm C0\2.1 nm Cu\3.0 nm Co\M where the cap layer, M, consists of Au, Ta, or Ta,O, deposited by reactively sputtering Ta with oxygen.
Two types of experiments were performed to characterize irreversible changes in properties of spin valves at elevated temperatures. In the first type of measurement, magnetoresistance curves were measured at room temperature between 0.5 h anneals at successively higher temperatures. The measurements and anneals were carried out in a vacuum estimated to be better than Pa Torr). The results of a series of experiments on Cu\Co spin valves with different capping layers are presented in Fig. 1 .
It is clear from Fig. 1 that for cap layers thicker than approximately 3.0 nm, Ta and Ta,O, provide much better protection for the spin valve than Au. Ta will spontaneously oxidize to a depth of about 2.5 nm[ 131, so the 1 .0 nm Ta cap layer is probably completely oxidized. The room temperature magnetores- istance curves for Au and TdTa, 0, capped spin valves indicate that the falure mechanisms are different for the two materials. In 'half-dead' samples with M 0.5 of the as-deposited GMR value remaining, Au capped spin-valves show a decrease in GMR with very little change in the field dependence. In contrast, in Ta capped spin valves, the pinned film coercivity was found to be dramatically reduced.
In the following sections, results of a second type of experiment are described which involves heating samples to a specified temperature and recording the sample resistance as a function of time. 
-

A. Au cup layers
The sample resistance of the Au-capped spin valves, plotted in Fig. 2 , appears to be dominated by an exponential saturation of the form (1) where 6R is the total change in resistance and r is the time constant for the process. From the data in Fig. 2 , r was extracted in two separate ways, by estimating the time for half-completion of the resistance rise, t 5 0 , and by fitting the initial slope of the R(t) curves. Values of T are plotted in Fig. 3 .
The temperature dependence of obtained values of T was found to follow an Arrhenius law,
Values of TO and A E obtained by fitting [2] are listed in Table I .
It is useful to examine the correlation between changes in R with changes in other properties which may be more critical for a given application. In these samples, the GMR and sample resistance are found to decay with similar time constants. To illustrate this, GMR values measured after 0.5 h anneals and after 20 h anneals are plotted in Fig. 4 with predictions based on exponential decay with time constants determined by average values of TO and A E from Table I . Extrapolating these results, the resistivity data predicts spin-valve lifetimes of over five years in samples held under 100 OC. ance rather than GMR. There was no evidence in these samples for separate reversal of a free film and a pinned film. Similar results were obtained for other Ta-capped samples, including one sample with a 10 nm Ta cap layer. The difference in Ta cap layer thickness made little difference in the R(t) curves. These results suggest that the final stage of failure in the Ta capped spin valves involves changes in the Cu\Co structures that leave the CO films coupled.
SUMMARY
The resistance increases in Au-capped spin valves appear to depend on a single time constant which follows an Arrhenius law, characteristic of a structurally ordered material. This time constant also appears to correlate with the inital decay of the GMR in these samples, making it possible to predict lifetimes at given temperatures.
Compared to spin valves capped with an equal thickness of Au, Ta-capped spin valves exhibit considerably better thermal stability. Furthermore, the fact that increases in Ta thickness from 5.0 nm to 10.0 nm have little effect on the R(t) curve at elevated temperature suggests that in Ta-capped spin valves, the failure mechanism is internal to the spin valve structure. However, because the Ta-capped spin valves exhibited a more complex time dependence, lifetime predictions for these samples are more difficult.
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